Abstract. The deeply coupled GNSS/INS navigation system has drawn wide attention due to its dynamic adaptability and immunity to the jamming. This paper proposes an adaptive Kalman filer (AKF) design approach for the deeply integration. The AKF is used to gain the optimal estimation of states under high dynamics. Experimental results show that the standard deviations of AKF reduced by 3 times than traditional KF method, and the proposed AKF algorithm performs better than the KF method and has better dynamic adaptability.
Introduction
The integration of GNSS (Global Navigation Satellite System) and INS (Inertial Navigation System) has been rapidly developed and improved due to their better integration performance [1] . The GNSS/INS integrated system is typically achieved by one of three general architectures: loosely coupled, tightly coupled and deeply coupled. Among them, the deeply coupled approach performs better than the loosely coupled and tightly coupled under highly dynamics, jamming and interference conditions [2] .
In the deeply coupled architecture, the integrated navigation processing and the signal tracking loop are accomplished by the integration Kalman filter. The deeply coupled algorithms can be divided into centralized and federated categories. In the centralized deeply integration architecture, the raw IMU (Inertial Measurement Unit) data and the outputs of correlators are fed into a single Kalman filter, in which the dimension of the measurements is 6*N for N channels. To avoid the problem of large dimension in the integrated filter, the federated deeply integration architecture which includes a master filter and multiple pre-filters is studied. Whatever the architectures are, the problem is formulated as an estimation problem in which the optimum solution is used to estimate the navigation states.
In the current deeply integration scenarios, the extended Kalman filter (EKF) is widely used. However, the EKF estimation may not reliable when the receiver is under highly dynamics and interference, and it will lead to loss of lock, even cannot position successfully [3] . In these strict scenarios, the system model and noise description are uncertainties which may lead to divergence problems [4] . Hence, how to fulfil optimal estimation and prevent the divergence problem of the filter are challenges for deeply coupled systems. So a novel adaptive Kalman filter (AKF) method for the federated deeply integration is proposed in this paper.
The Deeply Coupled GNSS/INS Navigation System
Architecture Analysis Fig.1 shows the architecture of deeply coupled GNSS/INS navigation system. The RF (radio frequency) signal is collected by an RF frontend and convert to the digital intermediate frequency (IF) signal. Then digital IF signal is demodulated by the replica carrier and the in-phase (I) and quadra-phase (Q) sampled data are produced. The three in-phase and three quadra-phase signals are produced by correlation, integration and dump. If the correlator outputs are used directly by the integrated navigation filter, the architecture is defined as the centralized deeply integration. If the discriminators and pre-filter are performed to produce the measurements used by the integrated navigation filter, the architecture is called the federated deeply integration. The integrated navigation filter is used to estimate the state vector (position, velocity, attitude and inertial errors) and control the code and carrier NCO (numerically controlled oscillator). The deeply integration combines the tracking loop and navigation state estimation into together, which improve the performance under highly dynamics and jamming environment. 
The Federated Deeply Integration Design
The state vector of the integrated navigation filter consists of three attitude errors, three velocity errors, three position errors, gyroscope bias, acceleration bias, receiver clock bias and drift.
The attitude and velocity error states are expressed in ENU (east, north and up) navigation frame. The position error states are expressed in longitude, latitude and height (LLH).The receiver clock bias and drift are expressed in meters and m/s by multiply the velocity of light, respectively.
The outputs of the pre-filter are taken as measurements of the integrated filter. The measurement of the integrated filter consists of the pseudo-range errors and pseudo-range rate errors caused by position error and velocity error. 1 1 , , , , ,
The state vector of one pre-filter is chosen as follows
where A is the amplitude of the signal, δτ is the code phase error, δφ is the carrier phase error, f δ is the carrier frequency error and a δ is the frequency rate error. The pseudo-range errors and pseudo-range rate errors are related to the code phase error and carrier frequency error as follows 
A Kalman filter (KF) is applied for the pre-filters to estimate the state. The state vector of the pre-filter is set to zero initially. The states are estimated by the KF using the measurements and the outputs of pre-filters are used as the measurements of the integrated navigation filter, which estimates the user's states. Then the user's states and the satellite's states are used to control local code NCO and carrier NCO for the local signal generation.
Proposed Adaptive KF Method
The KF is operated for the integrated navigation filter to fuse the INS states and GNSS measurements on the premise of the reliable system model and stable noise description. However, the statistics of process noise and measurement noise may change over time when the user is in larger maneuvering. In addition, the system model cannot be accurately modelled or predicted by state equations in the high dynamic environment. In this case, an adaptive filter is needed to achieve the filter optimality. In general, the steps of KF are described as follows.
Prediction steps/time update equations
where , 1
is the state transition matrix, k H is the measurement matrix, k K is the Kalman gain matrix, k P stands for error covariance matrix, ˆk X is posterior estimation of state vector, / 1
is the priori state estimation covariance, / 1 k k − X is priori state estimation. The proposed adaptive KF is established using the innovation sequence and the adaptive factor. The innovations sequence / 1
By taking variances on both sides, the covariance matrix of the innovation sequence is given by
Assuming an ergodic innovation sequence, the expression for the estimated covariance matrix of innovations can be approximated by statistical sample variance, averaged inside a moving estimation window of size n. So the estimation of k R is given by
where n is the number of samples and 1 j k n = − + is the first sample inside the estimation window. In the AKF method, the priori state estimation covariance multiplied by the adaptive factor can be expressed as
where k α is the adaptive factor and the optimum factors can be calculated as
where tr() is the trace of matrix, So the corresponding Kalman gain is given by 
Experiments and Analysis
To demonstrate the performance of proposed AKF in high dynamics, semi-physical simulation results are presented in this section. The semi-physical simulation platform has been described by the authors in [5] . Fig. 3 shows a flight trajectory and the sky plot of satellites. The blue curve represents the whole flight trajectory and the red curve is used for the simulation which maneuver includes climb, acceleration, straight flight and turning. There are five BeiDou satellites in visible during the simulation. The bias stability of gyro is about 0.5 °/hr and the bias stability of accelerometer is about 500 ug. The coherent integration time is 1ms, the pre-filter period is 10ms and the integrated navigation filter period is 10ms. Table 1 . It can be seen that the standard deviations of AKF reduced by 3 times than traditional KF method, which illustrated that the AKF can provide a better accuracy and has smaller standard deviations than the KF. In summary, the AKF method reduces the disturbance of high dynamic stress and has better dynamic adaptability. 
Summary
A novel adaptive Kalman filter (AKF) method for the federated deeply integration is proposed in this paper. Experiments show that the standard deviations of AKF reduced by 3 times than traditional KF method. AKF is more stable and accurate than the KF method in the high dynamic environments.
